We present the fi rst comprehensive late Quaternary record of North American Great Plains temperature by assessing the behavior of the stable isotopic composition (δ 13 C) of buried soils. After examining the relationship between the δ
INTRODUCTION
Late Quaternary temperatures of the North American Great Plains have defi ed characterization because of limited availability of proxy suitable for quantifying climatic parameters. A newly evolving method utilizes the stable C isotopic composition (δ 13 C) of soil organic matter (SOM) to estimate relative C 4 plant abundance and relative climate shifts during the late Quaternary (Kelly et al., 1993; Holliday, 1995 Holliday, , 1997 Running, 1996; Fredlund and Tieszen, 1997; Boutton et al., 1998; Muhs et al., 1999; Johnson and Wiley, 2000; Hajic et al., 2000; Feggestad et al., 2004) . This approach to climate reconstruction is justifi ed because many recent investigations show a positive correlation between the relative abundance of C 4 grasses and temperature in the Great Plains in the presence of at least a few millimeters of mean monthly summer rainfall (Teeri and Stowe, 1976; Paruelo and Lauenroth, 1996; Epstein et al., 1997) . Further, there is a positive relationship between the δ 13 C of SOM, as a proxy for relative C4 abundance, and temperature in the Great Plains . However, previous studies have not related the δ 13 C of SOM quantitatively to temperature.
Here we develop a transfer function between the δ 13 C of modern prairie SOM and temperature in the Great Plains and apply it to the buried soil record from the same region to construct a time series of changing temperature for the past 12 k.y. Our results provide a powerful proxy for quantitative climate reconstruction in grassland ecosystems and a means of calibration for general circulation models.
METHODS
We characterize the relationship between mean July temperature and the topsoil δ 13 C of 61 native prairies from the Great Plains by expanding the work of Tieszen et al. (1997) (Fig. 1) . The study locations are nearly pristine and include a mosaic of short grass, mixed grass, tall grass, and tall grass-forest prairie. Recent investiga tions demonstrate that light grazing and fi re frequency have little infl uence on plant biomass production in the Great Plains (Mangan et al., 2004) .
Two to four cores were taken down through the soil A horizon within a few meters laterally and pooled. The sample was sieved through a 2 mm screen after removal of roots and carbonate, and combusted and analyzed for stable C isotope ratios (Peedee belemnite, PDB) with a SIRA10 isotopic ratio mass spectrometer (<±0.2‰). Climate data were obtained from 163 localities (Great Plains Regional Climate Centers) for the period between 1961 and 1990 and averaged for mean July temperature for each of the native prairie localities. Although typical mean residence times of SOM exceed this 30 yr temperature record, our analysis shows little temperature change over the past 0.9 k.y. (see Table 1 ), indicating that the 30 yr temperature record is representative of temperatures over the past 1 k.y. of SOM formation.
We compiled 64 published δ 13 C values from buried soil A horizons of 37 localities throughout Great Plains for application to the temperature transfer function for the past 12 k.y. (Table 1) . Data were accepted from buried soils formed in well-drained to moderately well-drained fl uvial, eolian, and alluvial fan environments. The δ 13 C values were associated with, or closely bracketed by, a radiocarbon humate or optically stimulated thermoluminescence age (converted to radiocarbon years). The δ 13 C values were excluded if generated as a by-product of radiocarbon dating because of potential bias during sample preparation and analysis (Nordt, 2001) . We determined a temperature deviation for each buried soil locality using the transfer functions in Figure 1 and comparing to the modern mean July temperature taken from the nearest 100 yr weather station (<60 km). Temperature estimates from the buried soils were plotted against age as a three-point running average, which generated an error envelope of <1.0 °C ( Fig. 2A ). This approach limits detection to the most robust temperature trends, combines adjacent ages that may have overlapping standard errors, and reduces the variability of different dating techniques. The resolution of the temperature curve is submillenial, perhaps near 500 yr, given the time needed for SOM to reach steady state after a disturbance and its typical mean residence time in grassland environments (Scharpenseel et al., 2001) . However, many mechanisms can distort the fi delity of stable and radiogenic isotopic properties of soils (Harrison et al., 1993) ; this may account for variability observed in both our modern and buried soil data.
Several sources of evidence indicate that changes in the concentration or isotopic composition of atmospheric CO 2 are unlikely to compromise our approach. Repository samples (1940s) from three midwestern localities show no statistical difference in the δ 13 C of surface horizons compared to the same samples analyzed in 1993 (Follett et al., 1997) , whereas modeling of a future doubling of CO 2 shows little effect on biomass production of C 4 and C 3 plants (Owensby et al., 1999) . Further, Marino et al. (1992) revealed that the δ 13 C of C 4 plants in pack-rat middens has not substantially changed during the past 15 k.y. Although physiologically based theory predicts that crossover temperatures decline with rising atmospheric CO 2 (Ehleringer et al., 1997), these effects are expected to have minimal infl uence on soil isotopic trends within the atmospheric CO 2 range of the past 12 k.y. (Huang et al., 2003) .
RESULTS AND DISCUSSION
Our July temperature deviation curve (relative to modern) exhibits submillennial shifts during the latest Pleistocene between 12 and 10 ka (1 ka = 1000 14 C yr B.P.) ( Fig. 2A) . Exiting what may be the Allerød warm interval near 12 ka (stage I), the fi rst cool phase (stage II) yields a temperature of ~-4 °C. This cool interval coincides with large volumes of glacial melt water entering the Gulf of Mexico (Teller, 2004) and ice rafting in the North Atlantic (Fig. 2B) , and possibly with the Intra-Allerød cold period in Greenland (Fig. 2C) . A second cool excursion in stage IV, when temperatures reached ~-3.5 °C, is bracketed by prominent warm excursions approaching modern temperatures as recorded in stages III and V. Stage IV correlates with the timing of the Younger Dryas (YD) in Greenland ice cores; the YD is also bracketed by warm excursions relative to modern (Fig. 2C) . One explanation for the erratic climate behavior associated with the YD in our terrestrial record is that orbitally forced warming in stage III initiated fi lling of Lake Agassiz with glacial melt water (Teller, 2004) , leading to regional cooling of the YD. The sharp drop in temperature may have been augmented by the diversion of glacial meltwater to the St. Lawrence Seaway that briefl y cooled the North Atlantic, decreasing the production of deep water (Teller, 2004) . The rapid rise of temperature at the terminal Pleisto cene (stage V) was probably in response to increasing summer insolation (Kutzbach et al., 1998) , enhanced by rerouting of melt water to the Arctic Ocean via the Mackenzie River (Teller, 2004) and by drainage of Lake Agassiz (Hu et al., 1997) . Paleomarine evidence suggests that cool sea surface temperatures (SST) in the Gulf of Mexico were accompanied by decreased outfl ow of subtropical monsoonal air into the Great Plains (Poore et al., 2003) , such as during stages II and IV.
Temperatures abruptly declined shortly after 10 ka in stage VI and then stabilized between −1 and −2 °C (Fig. 2A) . The Laurentide Ice Sheet (LIS) continued its retreat in response to elevated summer insolation, generating multiple meltwater episodes conducted periodically to the Gulf of Mexico and Arctic Ocean until no later than 9 ka and then principally to the North Atlantic, generating ice-rafting events (Teller, 2004) (Fig. 2B) . The abrupt decline in terrestrial temperature ca. 9.7 ka appears to correlate with the Preboreal Oscillation (PB) from Greenland ice cores in both chronological position and relative magnitude (Fig. 2C) . The PB cool interval in the Great Plains was probably augmented by the regional effects of the second fi lling of Lake Agassiz (Hu et al., 1999) . Regardless of the forcing mechanisms, it is clear that warm air was not entering the Great Plains to an appreciable extent during the early Holocene. Stage VI terminated with the fi nal collapse of the LIS and the global production of glacial meltwater (Hu et al., 1999) , as indicated by the cool event documented in Greenland ice cores ca. 7.5 ka (Fig. 2C) .
Temperatures began a long-term upward trajectory in the Great Plains beginning 7.5 ka (stage VII), culminating with the highest temperatures (~+1 °C) for the Holocene between 6.0 and 4.5 ka (Fig. 2A) . The middle Holocene thermal maximum correlates with a paucity of cool-water episodes in the Gulf of Mexico and North Atlantic (Fig. 2B) , and with elevated temperatures in Greenland (Fig. 2C) . In addition to a substantial reduction in glacial meltwater, warm conditions appear to have been associated with the decline in size of the LIS (Fig. 2B ) and relatively high summer insolation (Kutzbach et al., 1998) . Consequently, the Great Plains entered a period during which warm air was consistently penetrating inland and perhaps from the Gulf of Mexico (Poore et al., 2003) .
The middle Holocene thermal maximum in stage VII began to deteriorate after 5 ka in association with declining summer insolation (Kutzbach et al., 1998) , the reemergence of cool SST in the Gulf of Mexico, ice rafting in the North Atlantic, and declining temperatures in Greenland ( Figs. 2A-2C ). This cool interval persisted until 2.6 ka in the Great Plains (stage VIII), when temperatures reached a minimum of slightly below modern and neoglacial conditions ensued in the highlands of New Mexico (Armour et al., 2002) . A millennial scale decrease in the fl ux of solar irradiance may have contributed to cool SST during stage VIII (Bond et al., 2001) .
A second prominent warm excursion emerged in the late Holocene from 2.6 to nearly 1.0 ka (stage IX), capturing part of the Medieval Warm Period. This temperature excursion reached ~+0.5 °C and correlates with the return of warmer waters to the Gulf of Mexico and North Atlantic (Fig. 2B) , and with the return of nonglacial conditions to the highlands of New Mexico (Armour et al., 2002) . The cause of this warm episode may be related to enhanced solar irradiance (Bond et al., 2001 ) offsetting the overall decline in summer insolation during the late Holocene by orbital forcing (Kutzbach et al., 1998) . The drop in temperature to below modern after 1 ka coincides with possible coldwater forcing from both the Gulf of Mexico and North Atlantic, and may mark entry into the Little Ice Age in stage X (Figs. 2A-2C) .
If compared in 3 k.y. increments, our temperatures overlap with estimates from fossil pollen proxy at 9 and 6 ka, but appear to offer greater resolution before and after (cf. Figs. 2A, 2D) . General circulation models predict a steep latitudinal temperature gradient (−2 to +2 °C) in the northern and central Great Plains at 12 ka (Kutzbach et al., 1998 ) that encompasses our estimate of ~−1 °C. Model estimates exceed our estimates by 1-2 °C at 9 ka, but are nearly identical at 6 ka. The overestimate at 9 ka by modeling may be because the infl uence of glacial meltwater was underestimated in setting boundary conditions.
CONCLUSIONS
Terrestrial climate shifts in the North American Great Plains correlate with SST in the Gulf of Mexico and Atlantic Ocean, although the underlying forcing mechanisms are poorly understood. These waters and the climate of the Great Plains prior to 7.5 ka appear to be connected with a complex interplay between increasing insolation on an orbital scale and solar irradiance on a millennial scale, which controls outbursts of glacial meltwater. The climate system stabilized after 7.5 ka, when temperatures fl uctuated at or above modern levels, with millennial scale variations in solar irradiance playing a greater role in regulating both terrestrial and SST.
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